B acute lymphoblastic leukemia (B-ALL) is a neoplasm of precursor B cells (lymphoblasts) that primarily involves the bone marrow and blood. B-ALL encompasses many subsets that share overlapping clinical, morphologic, and immunophenotypic features, but are genetically distinct. The World Health Organization classification of hematopoietic and lymphoid neoplasms currently recognizes eight subtypes of B-ALL, seven of which are defined by the presence of specific genetic abnormalities. 1 These genetic abnormalities range from numerical and structural changes to balanced translocations and impart distinct clinicopathologic features.
Reciprocal translocations that juxtapose a potential oncogene with regulatory elements of the IGH locus on chromosome 14q32 are common in mature B-cell neoplasms, but are uncommon in B-ALL, occurring in o5% of all cases. 2, 3 However, the increased availability of commercial IGH probes, along with advances in molecular and cytogenetic techniques, has led to the identification of several recurrent translocations involving IGH in B-ALL. 3 These translocations result in deregulated expression of the partner gene, presumably because of the resulting proximity to enhancer elements within the IGH locus. 4 Recently, a small number of cases of B-ALL involving IGH and the erythropoietin receptor gene (EPOR) at 19p13.1 have been reported. 5, 6 EPOR encodes a type 1 cytokine receptor involved in kinase signaling that is normally found on the surface of erythroid progenitor cells and is required for normal erythropoiesis. 5, 7 B-ALL with genetic alterations involving cytokine and receptor signaling has been associated with an aggressive clinical course. 6 However, the clinicopathologic features of B-ALL with t(14;19) (q32;p13.1) remain incompletely described.
In this report, we describe the clinicopathologic and cytogenetic features of six cases of B-ALL with t(14;19)(q32;p13.1)/IGH-EPOR, the largest series reported to date.
Materials and methods

Case Selection
We searched the database of the Clinical Cytogenetics Laboratory at the University of Texas MD Anderson Cancer Center from January 2007 to January 2013 and identified six patients with B-ALL associated with t(14;19)(q32;p13.1; Table 1 ). All patients were Philadelphia chromosome-negative by fluorescence in situ hybridization (FISH) and/or RT-PCR analysis. These cases represented o1% of all Philadelphia chromosome-negative B-ALL in our institution during the study interval. Clinical and laboratory data were obtained by review of the medical records. All patient information was gathered in accordance with an internal review board-approved protocol.
Morphologic Examination
For each case, we reviewed peripheral blood and bone marrow aspirate smears, touch imprints, aspirate clot sections, and core biopsy specimens. Peripheral blood smears were stained with MayGrü nwald-Giemsa stain, and a manual 100-cell differential white blood cell count was performed. Differential 500-cell counts were performed on bone marrow aspirate smears or touch imprints stained with Wright-Giemsa stain. Samples from patients presenting to our institution with relapsed/refractory disease were compared with the original, diagnostic bone marrow specimens from the referring institution.
Immunophenotypic Analysis
Immunophenotypic analysis was performed by flow cytometry using bone marrow aspirate samples and a FACScan instrument (Becton-Dickinson Biosciences, San Jose, CA, USA) as described previously. 8 Samples were first evaluated using an acute leukemia panel, followed by an extended B-ALL panel. Follow-up samples were examined using a minimal residual disease panel for B-ALL, as described previously. 9 
Conventional Cytogenetic and FISH Analyses
Conventional cytogenetic analysis was performed on metaphase cells prepared from bone marrow aspirate specimens that were cultured for 24 h without mitogens. We analyzed 20 Giemsa-banded metaphases and reported the results using the International System for Human Cytogenetic Nomenclature (2009, 2013) .
FISH analysis for BCR-ABL1 was performed on interphase nuclei using the Vysis LSI BCR/ABL ES dual color translocation probe (Abbott Molecular, Des Plaines, IL, USA). A minimum of 500 interphase nuclei were analyzed for each case.
We constructed FISH probes for IGH and EPOR from bacterial artificial chromosome clones obtained from a commercial vendor (Invitrogen/Life Technologies, Grand Island, NY, USA). The clones were cultured in LB media, and DNA was isolated using a PureLink HiPure Plasmid DNA Purification kit (Invitrogen/Life Technologies). The DNA was labeled with SpectrumGreen-dUTP for IGH and with SpectrumRed-dUTP for EPOR by nick translation (Abbott Molecular, Downers Grove, IL, USA). The probes were mapped to normal metaphases to confirm the location of IGH at chromosome 14q32 and EPOR at 19p13.1. The IGH/EPOR rearrangement was demonstrated using fluorescence microscopy and appeared as a single yellow fusion signal on the der(14)t(14;19)(q32;p13.1). A value of Z2.8% was considered a positive result. A minimum of 200 interphase nuclei obtained from the bone marrow cultures were analyzed for each case. All specimens obtained at our institution throughout the disease course were assessed by both conventional cytogenetic and FISH analyses for t(14;19). 
Quantitative Real-Time PCR Assay
The presence and amount of BCR-ABL1 fusion transcripts was assessed using a multiplex quantitative real-time PCR assay that simultaneously detects b2a2, b3a2, and e1a2 transcripts. 10 
Survival Analysis
Response to therapy, time to relapse, and overall survival were calculated for all patients. Complete remission was defined as o5% leukemic blasts in the bone marrow and peripheral blood as determined by morphologic review and flow cytometric immunophenotyping. Time to relapse was calculated as the time between first in-hospital sample with complete remission and first in-hospital sample with morphologic and immunophenotypic evidence of Z5% leukemic blasts. Overall survival was calculated using GraphPad Prism Software (Version 6.01, La Jolla, CA, USA) from the date of first available diagnostic bone marrow sample to the date of death from any cause. An additional time to relapse and overall survival value was calculated for one patient after appearance of t(14;19)(q32;p13.1) in a relapse specimen.
Results
Clinical Course
The clinical and laboratory data are summarized in Table 1 . There were three men and three women, with a median age of 39 years (range, 21-74 years) at the time of diagnosis. Three patients presented to our institution before receiving chemotherapy and three presented with refractory/relapsed disease after undergoing induction chemotherapy at the referring institutions. Upon our institution, all patients underwent a complete physical examination, computed tomography scans, bone marrow aspiration and core biopsy, and lumbar puncture. Laboratory studies included a complete blood count with differential count, coagulation studies, and serum beta-2-microglobulin and lactate dehydrogenase levels.
The patients presented with chief complaints that included fatigue, lower extremity swelling, and bone pain. One patient (Table 1 patient 3) presented with symptoms of hyperleukocytosis and required leukapheresis. At diagnosis, all patients had severe anemia and thrombocytopenia. The median hemoglobin was 8.8 g/dl (range, 4.9-11.3 g/dl; normal range, 14.0-18.0 g/dl) and the median platelet count was 31 k/ml (range, 17-90 k/ml; normal range, 140-440 k/ml). Three patients presented with leukopenia (Table 1 ; patients 1, 2, and 4), two patients presented with marked leukocytosis (Table 1 ; patients 3 and 6), and one patient presented with slight leukocytosis (Table 1 ; patient 5). All patients had circulating blasts. In addition, all patients presented with markedly elevated serum lactate dehydrogenase levels (range, 861-2026 IU/l; median 1378 IU/l; normal range, 313-618 IU/l) and elevated serum beta-2-microglobulin levels (range, 3.0-4.9 mg/l; median 3.9 mg/l; normal range, 0.7-1.8 mg/l). Three patients had mild-to-moderate splenomegaly. No patients had central nervous system involvement or extramedullary disease.
The patients received a variety of therapeutic regimens (Table 2 ). Four patients (Table 2 , patients 1, 3, 4, and 6) received induction therapy with the hyper-CVAD regimen, consisting of hyperfractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone, alternating with high-dose cytarabine and methotrexate. 11 Two of these patients also received rituximab (Table 2 ; patients 1 and 4). Two patients (Table 2 ; patients 2 and 5) received induction chemotherapy with an augmented Berlin-Frankfurt-Munster (BFM) regimen, consisting of vincristine, prednisone, l-asparaginase, daunomycin, cytarabine, and methotrexate. 12 All patients received central nervous system prophylaxis with alternating doses of methotrexate and cytarabine. 11 Patients with relapsed/refractory disease also received treatment with the anti-CD19 antibody, blinatumomab. 13 Three patients who were initially diagnosed and treated at our institution (Table 1 ; patients 1, 2, and 5) all achieved complete remission with induction therapy and two subsequently underwent stem cell transplantation ( Table 2 ). All three patients, however, eventually relapsed. For the two patients who underwent stem cell transplantation (Table 2 ; patients 1 and 2), one died from sepsis and the other died from graft vs host disease. The third patient (Table 1 ; patient 5) presented with an initial karyotype of 46,XY,del(12)(p12) and achieved complete remission after chemotherapy. He acquired the t(14;19)(q32;p13.1) as the sole abnormality upon relapse 39 months later. The patient underwent re-induction chemotherapy with augmented BFM and achieved a second complete remission. However, this was followed by a relapse at 2 weeks and the patient subsequently died from sepsis 18 months after the appearance of t(14;19)(q32;p13.1) and 58 months after initial diagnosis.
The three patients who were referred to MD Anderson for refractory disease (Table 1 ; patients 3, 4, and 6) received induction chemotherapy with hyper-CVAD at the referring institution, and one also received rituximab. One patient achieved a complete response at the referring institution (Table 2 ; patient 4) and the other two patients had persistent disease (Table 2 ; patients 3 and 6). These patients were referred to our institution after multiple induction regimens and received treatment at our institution with blinatumomab (anti-CD19). One patient (Table 2 ; patient 4) achieved a brief complete remission at our institution but relapsed after 2 weeks and died from pneumonia and sepsis. The other patients (Table 2 ; patients 3 and 6) were unable to achieve complete remission. Patient 3 subsequently died from sepsis and patient 6 is alive with disease.
Overall, four of six patients achieved an initial complete response following induction chemotherapy, but all developed multiple relapses. At the end of the study period, five patients had died from complications of therapy and immunosuppression (infection/sepsis) and one patient was alive with disease. After detection of t(14;19)(q32;p13.1), the median time to relapse was 6 months (range, 2 weeks-12 months) and median survival was 12 months (Table 2) .
Morphologic Findings
In all cases, the initial diagnostic bone marrow samples were hypercellular (median cellularity 90%; range 80-100%) with sheets of blasts comprising 60-93% of the bone marrow cellularity (median blast percentage 90%; Table 1 ). The blasts were small-to medium-sized with variably condensed chromatin, prominent nucleoli, and variable amounts of agranular cytoplasm (Figures 1a and b) . There was marked trilineage hypoplasia and the residual hematopoietic elements observed were morphologically unremarkable. Bone marrow specimens obtained at relapse showed similar morphologic features.
Immunophenotypic Findings
Flow cytometry immunophenotypic analysis showed a precursor B-cell immunophenotype in all diagnostic samples. All cases were positive for CD10, CD19, CD20, CD22, CD34, CD38, HLA-DR, and TdT. Additional positive markers assessed included CD9 (3/3), CD13 (3/6), CD33 (2/6), CD58 (4/4), CD66 (4/6) and CD79a (4/6). All cases were negative for CD1a, CD2, surface and cytoplasmic CD3, CD4, CD5, CD7, CD8, CD14, CD15, CD25, CD41, CD56, CD64, CD117, surface immunoglobulin, and myeloperoxidase. Bone marrow specimens obtained at relapse showed a similar, precursor B-cell immunophenotype. Modern Pathology (2014) 27, 382-389 B lymphoblastic leukemia with t(14;19)(q32;p13.1)
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Conventional Cytogenetic and FISH Analyses
The results of conventional cytogenetic and FISH analyses are summarized in Table 3 . Conventional cytogenetic analysis showed a morphologically subtle reciprocal translocation between the long arm of chromosome 14 and the short arm of chromosome 19 ( Figure 2) . In five out of six patients, conventional cytogenetic analysis demonstrated the t(14;19)(q32;p13.1) in the initial diagnostic specimen. The t(14;19)(q32;p13.1) was detected as the sole cytogenetic abnormality in four patients, and as part of a complex karyotype in two patients. In one patient (Table 3 ; case 5), cytogenetic analysis of the initial diagnostic specimen revealed 46,XY,-del(12)(p12). The t(14;19)(q32;p13.1) was identified as the sole abnormality in a subsequent bone marrow specimen obtained during relapse 3 years after the initial diagnosis. No other recurrent cytogenetic abnormalities were identified in any sample. Conventional cytogenetic analysis showed the t(14;19) in all subsequent specimens with morphologic evidence of disease. All morphologically negative samples and samples with only minimal residual disease detected by flow cytometry showed a normal karyotype without evidence of t(14;19)(q32;p13.1).
FISH analysis using home-brew probes for IGH at 14q32 and EPOR at 19p13.1 showed a single yellow fusion signal on the derivative chromosome 14 ( Figure 3) . The fusion signal was present in all initial and relapse bone marrow specimens with morphologic evidence of disease and t(14;19) (q32;p13.1) by conventional cytogenetic analysis. FISH analysis was negative in all bone marrow specimens without morphologic evidence of disease and also in specimens with only minimal residual 
Discussion
We report the clinicopathologic findings of a series of six cases of B-ALL with t(14;19)(q32;p13.1) and confirmed rearrangement of the IGH and EPOR genes using FISH analysis. The patients were relatively young adults (median age, 39 years) and all patients presented with high bone marrow cellularity and high blast percentages. All neoplasms had a precursor B-cell immunophenotype, with expression of CD20. Although some authors have linked CD20 expression in B-ALL with higher recurrence rates, recent studies have found no prognostic impact of CD20 expression in Phnegative B-ALL. 14, 15 Five of six (83%) cases showed aberrant expression of myeloid markers, CD13 and/or CD33.
Translocations involving the IGH gene have been identified in 2-3% of B-ALL cases and involve multiple partner genes. 3 The functions of the partner genes vary, but most often the partners are lineage-specific transcription factors or involved in proliferative signal transduction. 16 Cases of B-ALL with IGH translocations tend to occur in younger patients and have a poor prognosis. 3 Translocations involving the IGH locus, including the t(14;19) (q32;p13.1), are often cytogenetically subtle, possibly because of the involvement of the telomeric end of chromosome 14q. Detection of IGH translocations is facilitated by the use of IGH break-apart FISH probes.
The t(14;19)(q32;p13.1) appears to be a stable cytogenetic finding as it was present in every specimen with morphologic evidence of B-ALL, at initial diagnosis and at time of relapse. The translocation was either a sole abnormality or part of a complex karyotype. These results suggest that t(14;19)(q32;p13.1)/IGH-EPOR is a recurrent cytogenetic abnormality in B-ALL, and represents an early, possibly initiating, event.
EPOR encodes for a precursor protein that undergoes post-translational modification to become a 56-57-kDa protein that is eventually transported to the cell surface, making it accessible for binding with erythropoietin. EPOR is normally found on the surface of erythroid progenitors in the bone marrow and interacts with erythropoietin to promote erythropoiesis by activating the JAK2-STAT5 pathway. Transcription of EPOR is normally under the control of the transcription factors GATA-1, Fog1, and SCL/TAL1. 7 Ectopic expression of EPOR has been identified in B-ALL with t(12;21)(p13;q22) and ETV6-RUNX1 rearrangement. 17, 18 Leukemic blasts in these cases express EPOR and bind erythropoietin, increasing cell survival through activation of the JAK-STAT5 pathway. 17 Because of a lack of sufficient genetic material, we were unable to perform testing to confirm the presence of increased EPOR expression in our cohort. However, in their initial report of B-ALL with t(14;19)(q32;p13.1), Russell et al 5 demonstrated increased expression of EPOR mRNA in one patient. It is possible that the increased expression of EPOR in B-ALL with t(14;19)(q32;p13.1) confers a cell survival advantage similar to that seen in B-ALL with t(12;21) (p13;q22). It is also possible that t(14;19) confers a survival advantage through a different, as yet undescribed mechanism.
Despite treatment with a variety of aggressive multiagent chemotherapy regimens, including novel anti-CD19 therapy, all patients had a course characterized by short remission duration and multiple relapses. The median overall survival was short, B1 year. In the single patient with an initial karyotype that did not include t(14;19), the length of initial complete remission was 39 months. However, after detection of the t(14;19), the patient had a short time to relapse of 2 weeks and died 18 months after detection of the translocation. In the initial description of t(14;19)/IGH-EPOR by Russell et al, 5 a 38-year-old patient suffered several relapses, the first of which occurred at 6 months. However, this patient was alive at 13 months. In contrast, a second, 11-year-old patient achieved a sustained complete remission and was alive at 48 months. Our cohort was limited to adult patients. Although the prognosis for adult patients with B-ALL is generally poor, our findings suggest that the t(14;19) (q32;p13.1)/IGH-EPOR confers a worse prognosis. We cannot assess the prognostic effect of t(14;19) in B-ALL of pediatric patients based on the data we present.
Recently, cases of Philadelphia chromosome-negative B-ALL with a unique gene expression profile and an aggressive phenotype similar to Philadelphia chromosome-positive B-ALL have been described. These cases, termed 'Ph-like ALL', have been documented mainly in pediatric patients and are associated with gene mutations involved in B-cell development, such as IKZF1, TCF3, EB1, and PAX5. 19 Roberts et al 6 studied 15 cases of IKZF1-deleted Ph-like B-ALL. All 15 cases had alterations of genes encoding cytokine receptors and regulators of kinase signaling, including one B-ALL with IGH-EPOR rearrangement. On the basis of their findings, Roberts et al 6 concluded that the hallmark of Ph-like ALL was the presence of abnormalities in genes encoding regulators of kinase signaling, and that activation of the JAK/STAT5 pathway was a common mechanism of transformation in these cases. Although EPOR lacks direct tyrosine kinase activity, it uses JAK2 as an accessory tyrosine kinase to induce the intracellular signaling cascade, which in turn activates the STAT5, MAPK, and PI3 kinase/AKT signaling pathways. 7 Our cohort was limited to adult patients and we lacked sufficient genetic material to perform testing for IKZF1 deletion. However, the decreased overall survival and short time to relapse in our small cohort of patients were similar to those previously reported for IKZF1-deleted, BCR-ABL1-positive B-ALL. 20 In summary, t(14;19)(q32;p13.1) involving IGH and EPOR, is a rare, recurrent cytogenetic abnormality in B-ALL that appears to occur more frequently in young adults and has a highly aggressive clinical course. There are no clinical, morphologic, or immunophenotypic characteristics that reliably predict the presence of t(14;19)(q32;p13.1)/IGH-EPOR. The translocation can be subtle and therefore missed by conventional cytogenetic analysis. Use of FISH can facilitate detection of t(14;19) and may allow for better understanding of the true frequency of this aggressive subset of B-ALL.
